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Abstract
Amusement parks are excellent laboratories of physics, not only to check
physical laws, but also to investigate if those physical laws might also be
applied to human behaviour. A group of Physics Engineering students from
Universitat Politècnica de Catalunya has investigated if human behaviour,
when driving bumper cars, can be modelled using tools borrowed from the
analysis of molecular dynamics simulations, such as the radial and angular
distribution functions. After acquiring several clips and obtaining the coor-
dinates of the cars, those magnitudes are computed and analysed. Additionally,
an analogous hard disks system is simulated to compare its distribution
functions to those obtained from the cars’ coordinates. Despite the clear dif-
ference between bumper cars and a hard disk-like particle system, the obtained
distribution functions are very similar. This suggests that there is no important
effect of the individuals in the collective behaviour of the system in terms of
structure. The research, performed by the students, has been undertaken in the
frame of a motivational project designed to approach the scientiﬁc method for
university students named FISIDABO. This project offers both the logistical
and technical support to undertake the experiments designed by students at the
amusement park of Barcelona TIBIDABO and accompanies them all along the
scientiﬁc process.
Supplementary material for this article is available online
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1. Introduction
The laws of physics come to life in an amusement park where physical magnitudes can be
measured and their relation can be checked in extreme conditions. However, the measurement
of such magnitudes is difﬁcult because this environment cannot be controlled either by
students or teachers. The opposite happens in a ‘classical’ laboratory at schools and uni-
versities: the experiments are performed in a completely controlled way. This leads to the
problem that difﬁculties, both in the design of an experiment and in the data analysis, remain
hidden in those rather artiﬁcial situations. Students thus wrongly conclude that experiments
usually work at a ﬁrst instance, and that the analysis of data is straightforward. Moreover, the
most important part of research, creativity, too often plays no role in standard university
curricula. To overcome these two problems, we offer ﬁrst year students studying the Physics
Engineering degree from the ‘Escola Tècnica Superior d’Enginyeria de telecomunicacions de
Barcelona’ at ‘Universitat Politècnica de Catalunya’ (UPC) the chance to participate in a
motivational activity called FISIDABO3. Below we present a summarized description of this
project.
First of all we propose to the students the idea of sending a project to a scientiﬁc board,
composed by scientists teaching the Physics Engineering degree at UPC. It is important to
emphasize that some members of the scientiﬁc board perform experiments at large facilities
such as synchrotrons or neutron sources on a regular basis. The projects are presented by
teams of a maximum three persons. The goal and description of the experiments must be
clearly explained by the students in their proposals. The projects are then selected taking into
account their scientiﬁc quality, originality and feasibility. Once the projects are chosen, a tutor
is assigned to each team, to guide the students on technical issues and to assure the feasibility
of the experiment. To start developing the experiments, in a day when the amusement park is
open to the public, the students perform preliminary experiments that do not interfere with the
normal activity of the park. On a second day, the amusement park is opened exclusively for
the students participating in the project. During this day the students perform the experiments
using the rides at the TIBIDABO amusement park.
The teams must afterward write a short experimental report summarizing the preliminary
results of their experiment. In a ﬁnal stage, these results must be carefully analyzed and,
depending on the quality of their research, they are encouraged to write a paper to the same
standards as those of any scientiﬁc paper (such as the one presented in this journal). These
ﬁnal steps (analysis and paper writing) are part of what might be called the ‘hidden’ work of a
scientist, and are crucial in scientiﬁc research: too often students have the wrong impression
that experiments always lead directly to the answer sought by the experiment, and they ignore
the importance of sharing the results with the scientiﬁc community. We would like to point
out that this procedure is analogous to the process that takes place when scientists aim at
using a large scientiﬁc facility such as a neutron source or a synchrotron. This is not by
chance: the goal of the project is to approach the ‘real’ scientiﬁc method as much as possible
3 Videos and a description of the FISIDABO project can be found at www.ﬁsidabo.org. The video related to this
speciﬁc experiment can be found at www.youtube.com/watch?v=3f9lYLhpSCE
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to students, so that they ﬁnd the same problems and satisfactions as they would in a pro-
fessional research career.
The project presented in this work was selected by the scientiﬁc board, with the ﬁrst three
authors the students that performed the experiment. The last author is the tutor, currently
working in the ﬁeld of chemical physics, and a frequent user of several large facilities such as
the neutron sources ILL in Grenoble (France), ISIS in Didcot (UK) and MLZ in Garching
(Germany). The goal of the project presented in this paper is, though, not directly related to
physics, but to ﬁnd out if statistical tools that are used in analyzing molecular trajectories (as
those obtained from a simulation) can shed some light on human behaviour when driving
Figure 1. (a) Some frames of the footage used, with different numbers of cars. Notice
the important distortion due to the perspective. (b) Example of the cars’ coordinates as
directly obtained from the footage (left) and once the perspective distortion has been
corrected (right).
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bumper cars. This project has the advantage that it can be performed at any place where a
bumper car ride is to be found.
Emergent phenomena arising from the collective motion of humans and, in general, of
many different self-propelled and often living entities, have been studied in many speciﬁc
social settings [1]. Examples of these phenomena are the spontaneous arising of certain
behaviours, such as unidirectional lanes or stop-and-go lanes in pedestrian trafﬁc [2], the so-
called Mexican waves among spectators at sporting events [3], vortex- and gas-like structures
during heavy metal concerts [4], or behaviour during escape from a disaster [5–7]. Some of
the aforementioned works [1, 2, 4] reach the interesting conclusion that often human beha-
viour can be predicted from surprisingly simple rules and models. However, all these previous
works focus on the dynamical properties of the respective systems and, as far as we know,
little is done in obtaining structural features on such human-driven systems. Instead, in this
work we focus on obtaining information, to our knowledge for the ﬁrst time, about the
structural features arising from collective human behaviour, and compare our results with a
system as simple as that of hard disks [8, 9].
The aim of this paper is to study the structural properties of a system composed of
bumper cars driven by human beings. In particular, the interest is in ﬁnding what the effect is,
if any, of the fact that the drivers are conscious beings, in contrast with simple particle
systems.
2. Methods
2.1. Obtaining particle trajectories
The experiment was carried out in the TIBIDABO amusement park in Barcelona. No pre-
vious information about the goal of the experiment was given to the participants to avoid bias
in the results. The number of drivers was increased from ride to ride in order to investigate the
system with a signiﬁcant range of densities, from as little as three cars (meaning most of the
track is empty) to 25 (at which point cars tend to get clustered together simply because they
have little space available to move). To study the motion of the bumper cars, a static camera
was placed in a centred and elevated position with respect to the track. In this way, several
videos were recorded, with the variable being the number of cars participating (ﬁgure 1). The
dimensions of the track are 10 m×29 m. The dimensions of the cars are 115 cm×192 cm.
The obtained footage consisted of several video clips of about 140 s duration. Each clip
contains a constant number of cars. Data corresponding to static coordinates (i.e. the coor-
dinates of the cars at each frame, but no information about their trajectories) were then
obtained from the footage using the Manual Tracking plug-in for ImageJ4. Speciﬁcally, the
coordinates of the cars were extracted from snapshots every 2 s, meaning around 70 datasets
per clip.
Due to the perspective of the camera, the ﬁrst step prior to any data analysis was to
correct this effect in the obtained coordinates. In order to do that we measured the coordinates
of some spots in the crash cars track (x y,t t), and we compared them with the obtained
coordinates of such spots recorded with the camera (x y,c c). The transformation for the x-
coordinate was found to be linear, but that was not the case for the y-coordinate. Although the
transformation in the y-axis could have been calculated from trigonometric considerations, we
used a heuristic approach, and we found that an exponential transformation yielded an
excellent result for the correction of the perspective effect in the y-axis (see ﬁgure 1). The
4 http://rsbweb.nih.gov/ij/plugins/track/track.html
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obtained transformation function is
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with xc and yc the coordinates obtained by the camera, xt and yt the real coordinates of the cars
in the track, and xmax and ymax the coordinates of the contours of the track.
2.2. Simulation of a hard-disks fluid
The simulations correspond to hard disks-like particle systems. In this kind of simulation, the
particles are modelled as rigid circles (as an analogy of the case of rigid spheres in three-
dimensional simulations) characterized by a mass and a radius. These particles only interact
via elastic collisions, so that the kinetic energy is conserved along the simulation. Formally,
this interaction corresponds to a potential of the form
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Here, r0 is an effective radius which we deﬁne as the radius of a circle with the same
surface area as the car (as projected on the ground). In this simulation, it is taken to be 75 cm.
As stated before, no periodic boundary conditions are imposed. The particles in the
simulation are conﬁned in a box with the same dimensions as the track (1000 cm×2900
cm). Collisions with the walls are assumed to be elastic as well.
The maximum time step for this simulation is taken as Δt=0.05 s. This value is the
time step after which the coordinates of the particles are updated if the particle does not
collide with another one. In the event of a collision, we calculate the time when it happens,
and update the coordinates and velocities accordingly. Collisions in this time lapse are easily
Figure 2. Points show the position of bumper cars and shaded areas show the regions
used to calculate the RDF. Left panel show the ideal situation in which the region used
to calculate the RDF is fully contained in the track. Central and right panels show the
cases in which a correction must be performed to account for the limited region used to
count bumper cars at a certain distance range (see text for details).
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predicted since in the absence of external forces, the particles follow straight trajectories with
constant speed. Test runs with smaller time increments have been done without noticeable
changes in the distribution functions.
3. Data analysis
Data analysis includes the computation of the radial and angular distribution functions, two
correlation functions frequently used in molecular dynamics.
The radial distribution function (RDF) was calculated in a standard way, computing the
distances between all particle pairs in each frame and binning them into a histogram, with the
corresponding normalization. This normalization accounts for the fact that, even with no
correlation between particles (as in an ideal gas), the likelihood of ﬁnding particles at larger
distances is greater, simply because we are taking into account more volume (or surface area,
in our case).
Regarding this normalization, it is worth noting that, since in this case the system is ﬁnite
in size (i.e. no periodic boundary conditions are applied), the normalization factor has to take
into account only the actual area within the boundaries. Of course, this is only important when
particles are close to the edges (see ﬁgure 2, central panel) and/or at larger distances, i.e.
those comparable to the size of the box (see ﬁgure 2, right panel). In these two cases only the
Figure 3. RDF for 3 (top), 12 (middle) and 21 (bottom) cars. Dash-dotted lines
correspond to the simulations.
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portion of the ring contained inside the track limits must be taken into account to normalize.
The bins in the histogram correspond to a ring with a width of 150 cm.
Similarly to the RDF, the angular distribution function (ADF) was obtained by com-
puting, for each car, the angle formed by the two closest ones; the results are binned into a
histogram as well. However, note that in this case no normalization is applied, since we are
not counting particles but calculating angles.
Error bars are calculated using block averaging. This is done to ensure no correlation
between the distribution functions at different (typically consecutive) times, over which we
average. Informally, this correlation would imply that the system of particles is in a similar
conﬁguration from one evaluation to the next. This can happen (and does, in some cases, as
shown by a computation of the auto-correlation) if the density is high enough to cause a very
slow movement on average (i.e. collisions are frequent), so that the time step is not sufﬁcient
for the system to change signiﬁcantly. If these correlations appear, the error bars that would
be calculated in the standard way would be misleadingly small.
All the data analysis, as well as the simulations, have been carried out using Matlab.
Figure 4. ADF for 3 (top), 12 (middle) and 21 (bottom) cars. Dash-dotted lines
correspond to the simulations.
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4. Discussion
Figure 3 shows some examples of the obtained RDFs for 3, 12 and 21 cars; similar results are
obtained for an intermediate number of cars (see supplementary information, available online
at stacks.iop.org/EJP/38/035802/mmedia). An immediately noticeable effect (in both the
real and the simulated systems) is the decay of the RDF at long distances. As for the case of
liquids, this magnitude should tend to 1 as the distance tends to inﬁnity, since particles that
are separated by a large enough distance are uncorrelated. The decay that appears in our
system, instead, is a direct consequence of the ﬁnite size of our experiment: as the distance
increases, there are fewer cars that contribute to the RDF since the only cars that can
contribute to values signiﬁcantly larger than the dimensions of the track are those near the
corners. However, those cars at the corners have other cars at small distances as well, meaning
that there will always be many more counts at smaller distances. This is schematically
illustrated in ﬁgure 2. In short, this decay is an edge effect that stems from the fact that the
system is ﬁnite. The contrary happens on most molecular dynamics simulations: periodic
boundary conditions are applied making the system essentially inﬁnite. For this reason we
have decided to simulate a system as simple as possible that only captures the geometrical
features of our experiment: a two-dimensional hard disks system conﬁned in a rectangle
(technical details might be found in the Methods section). Aside from this, it is important to
remark that the RDFs show no signiﬁcant changes to the shape of the curves in the wide range
of densities studied.
As ﬁgure 3 shows, the agreement between the RDFs of the experimental data and the
simulations is almost perfect within the error for all cases. A more careful look at ﬁgure 3 and
at the results appearing in the supplementary material, however, reveals that in the case of low
densities the density of bumper cars at short distances is above the one calculated by our
simple model. This effect can be related to groups of people actively striving for collisions.
However, in order to unambiguously assign this effect to conscious driving of the bumper
cars, some additional experiments must be performed giving some directions to the partici-
pants driving the bumper cars. Note as well that the error bars decrease as N increases, which
is to be expected since the results are averaged over a larger number of data points.
We have also calculated the ADF both from the experiment and the simulation. The
analysis of the results (relevant examples are shown in ﬁgure 4) reveals that, for a low number
of cars, there is a clear majority of small angles. An intuitive explanation of this involves
imagining only three particles (which is the minimum number to calculate an angular dis-
tribution). In this situation, a large angle (close to 180 ) can only appear when the three
particles are almost aligned; however, this conﬁguration implies two counts of a near-zero
angle per each count of a large one. Therefore, one can expect the observed preponderance of
small angles.
On the other hand, when the number of cars becomes large enough, there is an exclusion,
or minority, of small angles. The video clips show that, for such large densities, most cars are
in contact with each other. This explains the absence of small angles: when particles that
occupy a given space are packed together, there is a minimum possible value for the angle
that can be formed between the lines joining their centres, simply because they have to remain
at a minimum distance. In fact, the ADFs for the largest numbers of cars tend to show a
maximum at 60 , consistent with hexagonal packing. Moreover, remarkably enough, as with
the case for the RDF, the experimental data and the data obtained from the simulations show
almost identical behaviour within the errors.
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5. Conclusions
Overall, the main conclusion is that simulated and experimental data produce very similar
radial and angular distribution functions. The differences between them are likely to be
mostly due to the lack of repetition of the experiment. However, an excess of bumper car
density at low densities can be explained by groups of people striving for collisions. In any
case new experiments giving different guidelines to different groups of participants are
desirable to investigate if more subtle effects of human behaviour can be quantiﬁed.
The simulations have been carried out without taking into account any complex dynamic
interactions, but only geometrical constraints on the system. The resemblance between the
distribution functions suggests that, in complex systems like this one, the macroscopic
structural properties depend mostly on general geometric restrictions, rather than on the
details of local interactions. This is not trivial to deduce from the dynamics of the systems
alone. In other words, the fact that cars are driven by conscious human beings does not appear
to have any important effect on the structures that arise, in agreement with, and com-
plementing, the conclusion of other works which study dynamical aspects of similar systems
[1, 2, 4]: from the structure point of view, the system behaves as if the movement was
exclusively driven by random collisions.
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